Context: Gender assignment followed by surgery and hormonal therapy is a difficult decision in the management of 45,X/46,XY patients with abnormal external genitalia at birth considering the paucity of studies evaluating pubertal development and fertility outcome, most notably for patients raised as boys. Objective: The purpose of this study was to describe the pubertal course of 20 45,X/46,XY patients born with ambiguous genitalia and raised as boys. Methods: This is a multicenter retrospective study. Results: Mean age at study was 25.6G2.4 years. Eighty-five percent of the patients presented a 'classical' mixed gonadal dysgenetic phenotype at birth. Puberty was initially spontaneous in all but three boys, although in six other patients, testosterone therapy was subsequently necessary for completion of puberty. Sixty-seven percent of the remaining patients presented signs of declined testicular function at the end of puberty (increased levels of FSH and low levels of testosterone and/or inhibin B). Moreover, an abnormal structure of the Y chromosome, known to alter fertility, was found in 10 out of 16 (63%) patients. Two patients developed testicular cancer. Half of the patients have adult penile length of !80 mm. Mean adult height is 156.9G2 cm, regardless of GH treatment. Conclusions: In summary, 45,X/46,XY children born with ambiguous genitalia and raised as boys have an altered pubertal course and impaired fertility associated with adult short stature, which should, therefore, be taken into consideration for the management of these patients.
Introduction
Disorders of sex development (DSD) leading to ambiguous genitalia at birth question the decision of gender assignment. Some of these medical conditions are well known and studied as congenital adrenal hyperplasia (1) or incomplete androgen insensitivity syndrome (2, 3) . Conversely, 45,X/46,XY mixed gonadal dysgenesis (MGD) is less characterized. Patients with a 45,X/46,XY karyotype, detected in 1.7/10 000 newborns (4) , can present various phenotypes, including females with Turner's syndrome (TS) phenotype, newborns with ambiguous genitalia, usually called MGD (4) , and normal male development (5, 6, 7, 8, 9, 10) . Gender assignment followed by surgery and hormonal therapy is difficult in the management of 45,X/46,XY patients with abnormal external genitalia at birth. Pediatric endocrinologists and surgeons usually recommend raising these patients as boys considering that the unilateral scrotal testis might have potential for testosterone secretion, penile growth, and pubertal development and might preserve reproductive ability (8) . However, there is a lack of consistent published data concerning the pubertal development and outcome of these patients (7, 11) . Thus, the purpose of this study was to describe the pubertal course of 20 45,X/46,XY patients born with ambiguous genitalia and raised as boys.
This DSD relies on a chromosome missegregation, occurring during early embryonic mitosis, through anaphase lag or interchromosomal rearrangement that induces the emergence of two or three different cell lines: 45,X/46,XY and 47,XYY, the latter being often lost after further divisions. It arises de novo and its origin is currently unknown but could be favored by an abnormal structure of the Y chromosome. Indeed, structural rearrangement of the Y chromosome (isochromosome, ring chromosome, deletion, etc.) has been described in 45,X/46,XY mosaicism (12) . It is also encountered in 1% of male patients being consulted for infertility in the general population (13) . Interestingly, a possible link between Y chromosome rearrangement and disorder of sexual development has been observed (5, 12, 14, 15, 16, 17) . Thus, the frequency of Y structural rearrangements was also evaluated in our patients.
We demonstrate that 45,X/46,XY male patients have an absence or an altered course of their pubertal development associated with a final short stature and an impaired fertility in adulthood. A Y chromosome rearrangement was found in 63% of the patients.
Subjects and methods

Patients
We reviewed the clinical records of 20 boys with MGD and followed up from birth (between 1953 and 1994) to adult stage in the Pediatric and Adult Endocrinology Clinics of seven French hospitals. Inclusion criteria were as follows: a 45,X/46,XY karyotype, ambiguous genitalia at birth, male gender assignment, and ongoing or achieved puberty at the time of inclusion. All the reported cases satisfied the inclusion criteria. This study was approved by the Local Ethics Committee of each center, and informed consent was obtained from all patients.
The following data were collected from their medical files: - Questionnaires were also given or sent to the patients in order to collect data about quality of life: actual job/scholarship, self-appreciation, relationships, and sexual life, which was categorized as follows: 0, no sexual life; 1, dissatisfying (occasional and/or painful sexual intercourses); and 2, satisfying (frequent and nonpainful sexual intercourses).
Statistical analyses
Results are expressed as meanGS.E.M. Statistical analyses were performed using a nonparametric Mann-Whitney U-test. Correlations between two parameters were obtained after Spearman regression analysis (Graph Prism, Graphpad Software, Inc., San Diego, CA, USA) with significant threshold at 0.05.
Results
Twenty patients were included in the study. Mean age at the time of inclusion was 25.6G2.4 (15.3-56) years.
Clinical characteristics at birth
Diagnosis was determined at birth for all except one patient who had been prenatally diagnosed (amniocentesis performed for a short thighbone). Ten out of the 20 (50%) patients were born with intrauterine growth retardation (IUGR, defined as a birth height !10% of predicted height for gestational age). Seventeen out of the 20 (85%) patients presented a 'classical' mixed gonadal dysgenetic phenotype at birth ( Fig. 1A and B , Table 1 ): hypospadias, vagina, hemiuterus and streak or dysgenetic gonad on one side, and testis with epididymis and deferent duct on the other side. Two patients (nos 15 and 16) presented with hypospadias and two scrotal gonads and one patient (no. 1) presented with posterior (proximal) hypospadias and bilateral cryptorchidism. Mean genital tubercle length was 21.4G0.7 mm. Sex assignment was decided during the first months of life for all patients.
Fourteen of the 20 (70%) patients developed TS features. Cardiac anomalies were observed in three patients: two of them presented with an aortic coarctation (10%). Renal malformations were noted in four patients (20%) and mild mental retardation was diagnosed in two patients.
Gonads
Histology The association of a streak gonad and an opposite dysgenetic or infantile testis was seen in 15/19 (79%) cases (Supplementary Table 1 , see section on supplementary data given at the end of this article). One patient (no. 8) had bilateral dysgenetic testes. Three patients (nos 6, 12, and 15) did not have testicular biopsy. No relationship was observed between the histology of the gonads and the degree of genital masculinization or the presence of a uterus.
Tumors No gonadoblastoma was seen. A dysgerminoma (patient no. 1) and a seminoma (patient no. 3) were diagnosed at the age of 13 and 23 years respectively. They had originated from an intra-abdominal streak gonad in the first case and an intrascrotal dysgenetic testis in the second case (inguinal at birth with orchidopexy at the age of 9 years).
Surgical reconstruction and testosterone treatment during infancy
Testosterone treatment Forty-five percent (9/20) of the patients received a mean dose of 156G20 mg of i.m. testosterone before the age of 4 years. Mean increase in penile length was 12.6G2.5 mm (see Table 2 ).
Surgery The first surgical procedure was performed at a mean age of 16.6G4.5 months, with a mean of 3.6G0.4 surgeries for each child. When considered, Table 2) . No relationship was found between adult penile length and either testosterone treatment before or during puberty (PZ0.72 and 0.37 respectively) or with genital tubercle length at birth (PZ0.71).
Adult height
Thirteen boys (65%) received recombinant GH therapy at a mean age of 9.8G1.1 (5-14.7) years, during 6.5G1.4 (0.6-12.8) years (Table 3) , and at a mean dose of 0.03 (0.025-0.035) mg/kg per day.
Thirteen patients, older than 17 years at their last height evaluation (after at least a 3-year-long puberty), were evaluated for pubertal growth spurt and near-adult height. Mean pubertal growth spurt was 12.3G1.3 (7.2-21.7) cm. Mean adult height was 156.9G2 (146-171) cm, equivalent to K3 SDS (Table 3 ). Mean height loss was 16.2G1.1 (12.5-23.8) cm in comparison to predicted adult height based on parental height (data not shown). No difference was observed between children treated with GH and those left untreated (157G2.3 vs 156.6G4.2 cm, respectively, PZ0.83; Table 3 ).
Final height was also independent of the presence or absence of IUGR at birth (PZ0.82), and no difference was seen between children with spontaneous vs induced puberty (PZ0.9).
Fertility
No patient has had children to date. Of the 20 patients, nine (45%) developed testicular insufficiency requiring testosterone therapy. Among others, 6/9 (67%) patients had signs of impaired testicular function at the end of puberty (increased levels of FSH and low levels of testosterone and/or inhibin B; Table 2 ). 
Quality of life
Only limited data were obtained. Questionnaires were given or sent to the patients in order to evaluate data concerning their quality of life. Fourteen of them returned the questionnaire. Only 50% of them were satisfied by their physical appearance. The principal cause of dissatisfaction was the short stature. Only six patients answered the question concerning their sexual life, which could reflect a negative psychosocial outcome. Four of these six patients were older than 20 years (27, 45, 47 , and 58 years). Two patients had no sexual life (45 and 47 years) and two were satisfied by their sexual life (27 and 58 years). None of these patients had asked for gender reorientation.
Cytogenetic analyses
Karyotypes The percentage of 45,X cells in peripheral blood karyotypes varied from 6 to 91% (Table 1) . No correlation was found between neonatal phenotype, adult height, pubertal development or the presence of other pathologies, and the degree of mosaicism in peripheral blood leukocytes.
Structural anomalies Karyotype analyses revealed a Y chromosome rearrangement in 10/16 (63%) patients: deletion in five, isochromosome in two, isodicentric chromosome in two, or ring chromosome in one. For the majority, these rearrangements resulted in loss of all or part of the long arm of the Y chromosome, which contains several major genes required for normal spermatogenesis (19, 20) . No correlation was found between the type of Y chromosome rearrangement and the neonatal phenotype, as previously reported (12) .
Discussion
This study reports the first long-term retrospective observational study of 45,X/46,XY patients born with ambiguous genitalia and raised as boys. These patients presented a classical phenotype of MGD at birth in 85% of the cases. The phenotype was independent of the percentage of 45,X cells in lymphocyte karyotype, as already reported (5, 7) . All patients had an impaired secretion of testosterone and AMH during fetal life, as assessed by the presentation of internal and external genitalia at birth, which could suggest a decreased androgenization of the whole fetus. Sex assignment was decided in the neonatal period in accordance with the parents, based more on the clinicians' experience than on the child's phenotype.
Pubertal onset, hormonal requirement for impaired testicular secretion, and final adult height were not related to neonatal phenotype or hormonal levels during infancy. These results demonstrate that the degree of androgenization in the fetal/neonatal period could not predict pubertal and fertility outcome in the patients of our study. Indeed, patient no. 16, who had two scrotal testes at birth, was able to spontaneously induce his puberty at 13 years; however, he was only 156 cm tall and displayed functional signs of testicular impairment at 16 years (FSH, 15 UI/l; inhibin B, 18 pg/ml; and testosterone, 2.7 ng/ml). Similarly, Table 3 Growth and pubertal development. Age at last height evaluation is specified when measured during puberty (these patients were not taken into account for mean final stature). Pubertal growth spurt corresponds to the total height gain throughout puberty.
Patient
GH therapy
Age at onset of treatment (years) patients who initiated puberty spontaneously have had equivalent final stature and penile length compared with those who required hormonal substitution, which suggests that all have, in reality, two dysfunctional gonads. Intriguingly, no relationship was found between testosterone therapy and final penile length, as previously reported (11) . Testosterone doses were similar to recommendations (21) . However, in the general population, the highest penile length velocity is associated with increased levels of testosterone during the first 3 months after birth (22) . This finding supports the concept of a specific male programming window that determines final penile size, similar to the results found in rodents (23) . Thus, a delayed initiation of testosterone treatment in the patients of our study could explain adult penile length. Another hypothesis could be a variable length of the CAG repeats in exon 1 of the androgen receptor gene, which can modify hormone responsiveness and influence penile length in Klinefelter syndrome (24) as well as in normal 46,XY males (25) . One of the most relevant results of our study was the short final stature, with 62% of the patients measuring !160 cm (!K2 SDS), independent of IUGR, testosterone treatment, or GH treatment. Patients treated by GH and those left untreated reach similar final stature. Short final stature associated with a reduced pubertal growth spurt is most certainly related to the 45,X cell clone in these patients, by haploinsufficiency of the SHOX gene (26, 27) . This cellular clone also accounts for IUGR. Therefore, clinical management could be compared with that of TS. Interestingly, our results are slightly different from those obtained in TS cohort studies (28) . However, these reports do not take into account 45,X/46,XY patients, who, in fact, reach a final stature, with or without GH, higher than TS patients treated with GH. Nevertheless, the use of higher GH doses (29) , initiated earlier in life (62% of our patients started GH therapy after 9 years of age, with significant correlation between final height and duration of hormonal treatment (PZ0.05)) (30) and adjusted to insulin-like growth factor 1 levels (31), might improve these results. Therefore, prospective randomized studies of GH effect in this population of patients should be encouraged.
Fertility is also an important part of a clinician's decision of sex assignment. It was thought that a completely descended testis, implying a normal homolateral testosterone secretion during fetal life, could be compatible with normal adult fertility. Unfortunately, our results suggest that the majority of mixed gonadal dysgenetic patients born with ambiguous genitalia are infertile. Indeed, 45% of them undergo testosterone treatment in adulthood, and most of the others have signs of declined testicular function, which has also been reported by Kojima et al. (11) . No patient has had children to date. Moreover, the high frequency of Y chromosome rearrangements observed in our patients (63%), resulting most frequently in Yq loss, is known to alter fertility (19, 20, 32) . Finally, the risk for malignant testicular cancer, which reached 10% in our patients and could develop from an apparently 'normal' testis, underlines the necessity for strict surveillance of gonads that need to be removed in case of signs of testicular impairment (low testosterone levels and/or low inhibin B levels, high LH and FSH levels). This result corroborates previous studies (33, 34) . As a consequence, the decision of raising a mixed gonadal dysgenetic patient as male cannot be based on a hypothetical fertility potential. Moreover, several publications have demonstrated that impaired fertility and short stature, each considered individually, are responsible for negative psychosocial outcomes in adult men (35, 36, 37) .
Patients also presented various organ anomalies, similar to those observed in TS, as previously reported by Telvi et al. (5) . These anomalies are related to the 45,X cell line (38) . Interestingly, no correlation was observed between the percentage of 45,X cells evaluated in leukocytes and the severity of ambiguous genitalia at birth, final height, or the presence of a renal or cardiac malformation. This implies that patients who have the highest percentage of 45,X cells in a blood sample are not necessarily the ones with renal malformation or the shortest stature, and vice versa. Therefore, the percentage of 45,X cells varies from one organ to the other. These results underline that phenotypicly normal males, with a 45,X/46,XY karyotype, may have dysfunctional organs (kidney, heart, etc.), final short stature (39, 40) , delayed puberty (41) , and be infertile (13) .
Finally, our study gives credit to the theory, based on chromosome instability, of a link between a Y chromosome rearrangement that may predispose to anaphase lag and emergence of a 45,X cell line, and the occurrence of a disorder of sexual development, which has been proposed by other authors (5, 12, 14, 15, 16, 17) . Indeed, 63% of our patients had abnormal Y chromosome structure, which is higher than that found in 45,X/46,XY patients considering all phenotypes (20%) (10) . As prenatal diagnosis of 45,X/46,XY mosaicism usually gives rise to a genetic counseling dilemma, the detection of a Y structural rearrangement could indicate higher risk for ambiguous genitalia and infertility. The use of unbiased data from prenatally diagnosed cases should be encouraged in order to highlight this hypothesis.
Conclusion
From this study, it appears that 45,X/46,XY children born with ambiguous genitalia and raised as boys have an altered pubertal course, a final short stature, and impaired fertility, which should therefore be taken into consideration when assigning gender at birth and determining the most appropriate course of treatment.
